Abstract Hypoxia has been implicated in the breakdown of the intestinal epithelial barrier in animals, leading to bacterial translocation (BT); however, the mechanism of this hypoxic insult is unknown. To determine the effects of hypoxic injury in vitro on epithelial membrane integrity, transepithelial electrical resistance (TEER), mannitol permeability (Ma-Pm), and BT were measured in both an adult (Caco-2) and fetal (I-407) intestinal epithelial cell culture model. Caco-2 adult and I-407 fetal epithelial cell monolayers were treated with or without bacteria (1·10 7 Escherichia coli. C-25), and then incubated under either normoxic (5% CO 2 in room air) or hypoxic (5% CO 2 and 95% N 2 ) conditions at 37°C for 6 h. Hypoxia caused a 10% increase in Ma-Pm in the I-407 fetal cell model independent of the bacterial challenge. In contrast, a bacterial challenge in the Caco-2 adult model caused a 485% increase in Ma-Pm independent of hypoxia. Neither hypoxia, nor C-25 bacteria, for 6 h caused BT in either cell culture model. In the adult cell culture model, bacteria appear to mediate changes in epithelial barrier function, with hypoxia having no effect. On the other hand, hypoxia is the major factor in the loss of epithelial barrier function in fetal epithelium, but has no effect on adult epithelium. The data suggest that the breakdown of barrier function caused by a hypoxic insult is the primary stimulus for subsequent BT in neonates.
Introduction
Several clinical conditions associated with bacterial translocation are also associated with tissue hypoxia, and include increased concentrations of circulating endotoxin [1, 2, 3, 4] , burn wounds [5, 6, 7, 8, 9, 10] , intestinal obstruction [11, 12, 13, 14] , hemorrhagic shock [1, 15, 16, 17, 18, 19, 20] , and mesenteric ischemia [16, 21] . Hypoxia has been implicated in the breakdown of the intestinal epithelial barrier in animals, which can lead to bacterial translocation (BT). Neonates, with their immature immune systems [22] , may be at greater risk for developing sepsis after such conditions as malrotation, necrotizing enterocolitis, or ileus [23] . It has also noted that the intestinal mucosal barrier of newborns may be incompletely developed at birth, and thus allows increased intestinal transport of foreign antigens into the circulation [24] . To determine the effects of hypoxic injury in vitro on epithelial barrier integrity, transepithelial electrical resistance (TEER), mannitol permeability (Ma-Pm), and BT were measured in both an adult (Caco-2) and fetal (I-407) intestinal epithelial cell culture model.
Materials and methods

Cell cultures
The human, adult, enterocyte Caco-2 cell line (no. HTB37) and human, fetal enterocyte I-407 cell line (no. CCL-6), were obtained from the American Type Culture Collection, (Manassas, Va.). Caco-2 and I-407 cell lines were grown and maintained in Dulbecco's modified Eagle's medium (DMEM; Fisher, Pittsburgh, Pa.) supplemented with 10% fetal bovine serum (Fisher, Pittsburgh, Pa.), 1% non-essential amino acids (Gibco, Grand Island, N.Y.), penicillin G (100 U/ml), and streptomycin (100 g/ml; Fisher, Pittsburgh, Pa.), in a 5% CO 2 atmosphere at 37°C. The media for Caco-2 cells also contained 1% sodium pyruvate (Fisher, Pittsburgh, Pa.). After reaching 60-70% confluence, cells (passages [3] [4] [5] were harvested by trypsinization with trypsin-EDTA (Gibco, Grand Island, N.Y.), washed and resuspended in DMEM. The cells were seeded at a density of 1·10 5 cells per well in Transwell cell culture inserts (Costar, Cambridge, Mass.) with 0.33-cm 2 -sized porous filters (pore size 0.3 lm) and coated with 1.0 mg/ml rat-tail type-I collagen (Sigma, St. Louis, Mo.) in a two-chamber cell culture system (Costar). Both cells were then grown for 14 days in media to allow them to reach confluence and fully differentiate. Media were changed every second day.
Experimental models
The epithelial integrity was tested by measuring transepithelial electrical resistance (TEER) and mannitol permeability (Ma-Pm). Briefly, Caco-2 and I-407 epithelial cell monolayers were incubated under either normoxic (5% CO 2 in room air) or hypoxic (5% CO 2 and 95% N 2 ) conditions at 37°C for 6 h [25] . To test whether hypoxia or bacteria have a greater or lesser role in the loss of epithelial barrier breakdown, both cell monolayers were also treated with or without bacteria (1·10 7 Escherichia coli. C-25; courtesy H. Ford, Pittsburgh, Pa.) under either normoxic or hypoxic conditions at 37°C for 6 h. Briefly, Escherichia coli (E. coli) C-25, a nonpathogenic, streptomycin-resistant strain originally isolated from human gut flora, was used in these studies. The E. coli C-25 were grown overnight in brain-heart infusion medium, washed three times with PBS and resuspended in PBS at a concentration of 1·10 7 colony forming units (CFU) per milliliter. The initial concentration of bacteria was determined spectrophotometrically at a wavelength of 650 nm. Prior to addition of bacteria, the monolayers were washed three times with DMEM without antibiotic supplements. After 30-min stabilization under normoxic or hypoxic conditions, E. coli C-25 was inoculated by adding 100 ll of DMEM containing 1·10 6 CFU of bacteria into the apical media.
Transepithelial electrical resistance (TEER) was measured before and after 6 h incubation under normoxic or hypoxic condition, with or without bacterial challenge, using an epithelial volt ohmmeter (EVOM; World Precision Instruments, Sarasota, Fla.). The TEER values obtained in the absence of cells were used as background, and resistances were expressed as ohm · centimeters squared (ohm . cm 2 ). After 6 h incubation under normoxic or hypoxic condition, with or without bacterial challenge, the monolayers were washed by media and then 3 H-mannitol (molecular formula weight 182.2) was administered into the apical chamber. After 2 h incubation with 3 H-mannitol, the media in the basal chamber was collected and measurements of tritium were obtained via a scintillation counter. The data are expressed as the scintillation counts in the basal chamber / (the scintillation counts in basal chamber + the scintillation counts in apical chamber) · 100.
Translocated bacteria were measured according to previously published methodology [26, 27] , with minor modifications. Following an additional 6 h incubation under normoxic or hypoxic conditions, samples from the basal chambers were taken and the number of bacterial CFUs was determined by the pour-plate assay using MacConkey's agar. The magnitude of BT was expressed as log10 (CFU/ml).
Statistics
Results are expressed at the mean±SD. Statistical analysis was performed using linear regression analysis and one-way analysis of variance, with P<0.05 considered significant.
Results
Effect of hypoxia on TEER
Regarding the effect of hypoxia on TEER (Fig. 1) , hypoxia had no effect on TEER compared with normoxic controls in the adult Caco-2 cell model; however, in the fetal I-407 cell model, hypoxia resulted in a significant decrease in TEER (20%) compared with normoxia (P<0.05).
Effects of bacterial challenge on TEER
Regarding the effects of bacterial challenge on TEER (Fig. 2) , in both the adult and fetal cell lines, normoxia had no effect on TEER, and was used to assess a baseline condition of TEER. In the adult cell line, the addition of bacterial challenge, even under a hypoxic environment, had no effect on TEER. In contrast, in the fetal cell line hypoxia caused a significant decrease in TEER (20%; P<0.05 vs control) which was further accentuated by a bacterial challenge (43% decrease in TEER; P<0.05). Fig. 1 The effect of hypoxia on transepithelial electrical resistance (TEER) in adult Caco-2 cell and fetal I-407cells. The results are expressed as the ratio of TEER before and after 6 h of normoxia or hypoxia. Open column normoxic models, solid column hypoxic models Regarding the effect of hypoxia on Ma-Pm (Fig. 3) , under normoxic conditions Ma-Pm was found to be at a much higher level in the fetal I-407 cell culture model compared with adult Caco-2 cells. There was no change in mannitol permeability in the adult cell line with hypoxia. In contrast, mannitol permeability significantly increased with hypoxia by 17% (P<0.05) in the fetal cell line compared with controls.
Effect of bacteria on Ma-Pm
Regarding the effect of bacteria on Ma-Pm (Fig. 4) , bacterial challenge in the Caco-2 adult model caused a 485% increase in Ma-Pm, which was independent of hypoxia. In contrast to the adult Caco-2 model, bacterial challenge in the normoxic environment in the fetal I-407 cells had no effect. In addition, bacterial challenge in a hypoxic environment did not increase mannitol permeability in the fetal I-407 cells; however, hypoxia caused a 10% increase in mannitol permeability in the fetal I-407 cells, which was independent of bacterial challenge (P<0.05).
Bacterial translocation
After 6 h of either normoxia or hypoxia, bacteria C-25 was still detectable at a concentration of 1·10 [5] [6] CFU in the apical media. No differences were observed between adults and fetal epithelial cell culture models; however, neither hypoxia, nor bacterial challenge, for 6 h resulted in BT from the apical chamber to the basal chamber in either cell culture model, despite the observed decrease in TEER and increase in Ma-Pm.
Discussion
Ischemic injury of the intestine is observed in several clinical settings among which are acute occlusive or low-flow states [10, 28, 29] found in congenital intestinal malrotation with volvulus or secondary intestinal obstruction by ileus, tumor in adults or in trauma patients with hypovolemic, and hemorrhagic shock. Ischemic injury is complicated by re-perfusion injury via superoxide radicals [30, 31] , or by bacterial translocation [21] and the subsequent development of sepsis and/or multi organ dysfunction [32, 33] . In neonates, hypoxia is one of the more common major stresses to which an infant is exposed. Clinically, ischemic injury in neonates results in more septic cases than in adults [34, 35] .
To address the different physiologic effects of hypoxia on adult and fetal epithelial cell culture models, we assessed epithelial integrity by measuring TEER and Ma-Pm. Adult Caco-2 cells are transformed human colon carcinoma cells and are one of the most popular cell lines for studying epithelial integrity and transport [27, 36, 37, 38, 39, 40] . Fetal I-407 cells have been known to form an immature, undifferentiated enterocyte monolayer and are used for studying neonatal/fetal epithelial integrity [41] . In the fetal models, the mucosal mucin compostion and presence of IgA has been reported to have an important role in preventing of BT [41, 42, 43, 44] . Under hypoxic conditions, TEER was adversely affected in the fetal I-407 monolayer model. It has been shown that a 1-h period of hypoxia causes massive apoptotic damage in adult Caco-2 cells and HT-29 cells [45] ; however, in our well-differentiated monolayer model, adult Caco-2 cells did not show any decline of TEER after 6 h of hypoxia. The results with TEER mimic those with Ma-Pm in these cell culture models. Fig. 3 The effect of hypoxia on mannitol permeability (Ma-Pm) in adult Caco-2 cells and fetal I-407 cells, measured by using the permeability of 3H-mannitol. The data are expressed as the scintillation counts in the basal chamber / (the scintillation counts in basal chamber + the scintillation counts in apical chamber) ·100. Asterisk Significant difference between normoxia and hypoxia, P<0.05 in each cell line. Open column normoxic models, solid column hypoxic models Fig. 4 The effect of bacteria on mannitol permeability (Ma-Pm) in adult Caco-2 and fetal I-407 cells under normoxic or hypoxic environments. The data are expressed the scintillation counts in the basal chamber / (the scintillation counts in basal chamber + the scintillation counts in apical chamber) ·100. Asterisk Significant difference between normoxia and hypoxia, P<0.05 in each cell line. Normoxic models without (open column) or with (shaded column) bacteria. Hypoxic models without (solid column) or with (hatched column) bacteria Hypoxia caused increased active transport and paracellular membrane permeability of mannitol in the fetal I-407 cells compared with the adult Caco-2 cells. During hypoxia some enteral nutrients regulate mucosal barrier function [25, 46] . Moreover, following hypoxia, neonatal feeding intolerance and the increased risk of necrotizing enterocolitis are preceded by intestinal mucosal injury, BT, and dysmotility [47, 48, 49] . Our experimental data are consistent with these latter clinical observations. Interestingly, a bacteria challenge caused a 485% increase in permeability in the Caco-2 adult model independent of hypoxia. The mechanism for this increase in permeability is unknown. It is most likely not due to proliferation of bacteria, as bacterial growth during hypoxia has been reported to reach a stationary phase within 6 h [50] . It is well recognized that patients with bowel obstruction suffer from severe hypoxic intestinal injury and sepsis without vessel occlusion [1, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20] . Bacterial overgrowth in association with intestinal obstruction might have a greater effect on the intestinal epithelium of adults (vs neonates) during a hypoxic state. Furthermore, the extent of hypoxic injury might depend on a reperfusion injury followed by hypoxia, which may be influenced by chronic disease and aging factors. Again, these clinical observations are consistent with our experimental findings. Interestingly, the normoxic bacterial challenge had no effect in fetal I-407 cells on Ma-Pm; however, hypoxia caused a 10% increase in Ma-Pm in the I-407 fetal cell model independent of the bacterial challenge.
Although we anticipated that there would be BT after 6 h of incubation with bacteria, this was not the case. Neither hypoxia nor bacterial challenge for 6 h led to BT in either cell culture model. This lack of BT occurred despite the findings of a decreased TEER and increased Ma-Pm. This lack of BT was also seen in an acute hypoxia model in newborn rabbits previously published by us [51] . It is possible that with a longer period of hypoxia, or greater bacterial challenge, BT might have been observed. Nevertheless, despite the lack of BT in this study, significant changes in epithelial barrier function were observed. Such changes can lead to the passage of bacterial toxins (i.e., endotoxins) and foreign antigens into the host, both of which may be extremely deleterious.
Conclusion
In conclusion, we studied the effects of hypoxia and bacterial challenge on permeability and bacterial translocation in both Caco-2 adult and I-407 fetal enterocyte cell culture models. The observed differences between these two enterocyte cell lines may help to better understand the mechanisms involved in the loss of epithelial barrier function during various clinical settings associated with hypoxia.
